Phase stability and magnetic-field-induced martensitic transformation in Mn-rich NiMnSn alloys AIP Advances 2, 042181 (2012) Field-induced lattice deformation contribution to the magnetic anisotropy J. Appl. Phys. 112, 103920 (2012) Effects of DyHx and Dy2O3 powder addition on magnetic and microstructural properties of Nd-Fe-B sintered magnets J. Appl. Phys. 112, 093912 (2012) Observation of rotatable stripe domain in permalloy films with oblique sputtering J. Appl. Phys. 112, 093907 (2012) Additional information on J. Appl. Phys. Large angle picosecond reorientation of the magnetization has been studied in circular Ni 81 Fe 19 thin-film elements of 30 m diameter and 500 Å thickness by means of an optical pump-probe technique. The sample was pumped by an optically triggered magnetic field pulse and probed by a time resolved magneto-optical Kerr effect measurement. The temporal profile of the pulsed field and the in-plane uniaxial anisotropy of the element were first determined from measurements made in large static fields where the magnetization exhibited small amplitude ferromagnetic resonance oscillations. Measurements of large amplitude oscillations were then made in a smaller static field that was still larger than the in-plane uniaxial anisotropy field and sufficient to saturate the sample. Using the measured temporal profile of the pulsed field, the Landau-Lifshitz-Gilbert equation was used to model the motion of the magnetization as a coherent rotation process. The same values of the anisotropy and damping constants provided an adequate simulation of both the high and low field data. The magnetization was found to move through an angle of up to about 30°on subnanosecond time scales. The dependence of the reorientation upon the direction of the static applied field and observed deviations from the coherent precession model are discussed.
I. INTRODUCTION
Fast magnetic reorientation is being intensively studied as higher bit rates are sought in magnetic recording systems. In longitudinal magnetic recording, the alignment of the storage medium has relied upon the thermally activated reversal of an ensemble of single domain particles, while the pole pieces of the write head and the soft layer of the magnetoresistive read sensor have been realigned by a combination of domain wall motion and domain rotation. However, as the switching times of these small magnetic structures move into the picosecond regime, it becomes necessary to rotate all the spins coherently. In this study, we show firstly that the sample anisotropy and the temporal profile of the pulsed field may be characterized by optical pump probe measurements, and secondly, that the same technique may be used to investigate large angle processional motion of the magnetization.
In studies of high speed magnetic reorientation, a magnetic field pulse with a short rise time must be applied to the element under investigation. This may be achieved by discharging a transmission line with a reed switch, 1 the pulse duration being controlled by the length of the transmission line. The sample is placed close to the transmission line and experiences the magnetic field associated with the transient current. Nanosecond pulses of hundreds of kilo-Oersted can be generated in microcoils 2 while kilo-Oersted pulses a few picoseconds in duration can be obtained from the electron beam at a synchrotron source. 3 Much information about the reorientation process may be obtained by examining the remanent state of the sample. However, for a full understanding, it is necessary to observe the full trajectory of the magnetization during the reorientation process. The past decade has seen the development of a number of experimental techniques that allow dynamics to be studied in the time domain with subnanosecond resolution. These include real time inductive 4 and magnetoresistive 5 measurements. With femtosecond pulsed laser sources now commonly available, the optimum temporal resolution has been obtained from magneto-optical pump-probe techniques. The optical pump pulse can be used to trigger a high voltage pulse generator connected to a transmission line, but this technique generally suffers from electronic trigger jitter. This can be eliminated by using a photoconductive switch to directly gate a charged transmission line. 6 Pulsed fields of the order of 1 kOe may be obtained with a bias voltage of the order of 10 V if the width of the transmission line tracks is reduced to just a few microns. Both the linear 7 and nonlinear 8 magneto-optical Kerr effect ͑MOKE͒ have been used to probe the magnetization dynamics and information about the motion of the vector magnetization has been obtained. [9] [10] [11] The optical technique offers excellent spatial resolution, particularly with the recent development of near field magneto-optical techniques. 12 The magnetic reorientation process depends firstly upon the strength, shape, and orientation of the field pulse, and secondly upon magnetic and structural properties of the sample such as shape, magnetic anisotropy, the presence of exchange bias fields, and the nature of the magnetic damping. Precessional switching was inferred from experiments in which pulsed fields as small as 2 kOe and of a few picoseconds duration were applied within the plane of a thin maga͒ netic film. 13 It was found that the pulsed field should be applied orthogonal rather than antiparallel to the initial magnetization direction so as to exert a larger initial torque perpendicular to the film plane. As the magnetization tips out of the film plane, the thin-film demagnetizing field exerts a strong in-plane torque that reduces the switching time. However device applications require fast reorientation of magnetic elements in pulsed fields of more modest strength, and a number of studies have been reported in which time resolved measurements of reorientation have been made after a field pulse has been supplied by a transmission line. 8, 11, 14 Domain wall processes occur on nanosecond timescales 11 but these may be suppressed by the application of a bias field. Picosecond switching times may then be observed although the switching may still be incoherent. The rise time of the pulsed field within the magnetic element should be as short as possible but may be increased by eddy current shielding 10, 15, 16 within the element that depends upon the dimensions of the element. The size of the magnetic reorientation is also effected by damping. Ferromagnetic resonance ͑FMR͒ experiments made on samples of different thicknesses 17 and on individual samples at different frequencies, 18 have shown that the damping cannot be described by a single phenomenological constant. Simulations suggest that a large amplitude uniform precession decays through the generation of spin waves. 19 Finally, we note that fast switching requires that the magnetization settles quickly into its final orientation. This requires either critical damping of the precessional motion or careful tailoring of the shape of the pulsed field to match the period of precession. 14, 20 It is clear that fast magnetic reorientation is a complicated process and experimental studies are invaluable in advancing our understanding of this phenomenon. In the present work, we study the reorientation of the magnetization in 30 m diameter Ni 81 Fe 19 elements that are expected to exhibit qualitatively similar dynamics to the pole pieces in a thin-film write head structure, or to the free layer in a spinvalve sensor. Our aim has been first to show that all parameters affecting the switching can be deduced from pumpprobe measurements. These parameter include the anisotropy constants and damping parameter of the sample, and the temporal profile of the pulsed field. We have then used the pump-probe technique to investigate the reorientation behavior as the relative orientation of a small pulsed field, with a duration of the order of 1 ns, and a static bias field is varied through 360°.
II. EXPERIMENT
The sample chosen for the present study was a circular The basic layout of our optical pump-probe apparatus has been described previously. 9 The experiment is built around a mode-locked Ti:Sapphire laser that produces 100 fs pulses at a repetition rate of 82 MHz. The laser was tuned to a wavelength of 750 nm for the present study. Each pulse is split into a pump and probe component. The pump is used to trigger a current pulse in the device shown in Fig. 1 . The device consists of an interdigitated photoconductive switch, grown on a semi-insulating intrinsic GaAs substrate, that is connected to a coplanar stripline. The stripline consists of Au strips of 30 m width and separation, and is terminated by a 1.5 ⍀ surface mount resistor and a 47 nF surface mount capacitor before being connected to a 20 V power supply. The temporal profile of the current pulse in the transmission line was monitored with a 500 MHz oscilloscope connected in parallel with the surface mount resistor. The sample was placed face down on the transmission line where it experienced the magnetic field associated with the current. The glass substrate was oriented so that the row of dots made a small angle with the transmission line ͑this angle has been exaggerated in Fig. 1͒ . This ensured that one dot lay directly above a coplanar strip, and experienced an in-plane pulsed field, while another ͑not adjacent to the first͒ lay between the strips and experienced an out-of-plane pulsed field.
A time delay was introduced between the pump and probe pulses by reflecting the pump from a retroreflector on a stepper motor driven translation stage. Both beams were expanded by a factor of 10 and then focused with achromats of 15 cm focal length. The pump spot was defocused to a diameter of about 1 mm on the interdigitated structure. The probe spot was focused to a diameter of less than 20 m and was incident upon the back of the glass substrate at an angle of about 43°. The spot positions were monitored continuously with a charge coupled device camera equipped with a zoom lens that gave a ϫ60 on-screen magnification factor. The probe spot was positioned on the center of the chosen element. Clearly, the large spot size does not allow us to obtain information about the spatial variation of the dynamical magnetization. Measurements were made stroboscopically at a fixed time delay and then the delay was changed to record the magnetic response as a function of the time delay. The probe beam was initially s-polarized and acquired a small rotation and ellipticity due to the MOKE when reflected from the sample. An optical bridge was used to measure the Kerr rotation. By chopping the pump beam and using phase sensitive detection, a resolution of close to 1 degree may be achieved. The device shown in Fig. 1 was placed between the pole pieces of an electromagnet so that the transmission line was parallel to the plane of incidence. The electromagnet allowed wide field optical access and could be freely rotated about an axis normal to the sample plane.
III. THEORY
The response of the magnetization of the magnetic element to the pulsed field may be describe by the LandauLifshitz-Gilbert equation
in which ␣ is the Gilbert damping constant, H eff is a total effective field acting upon the magnetization and ␥ϭgϫ ϫ(2.80) MHz/Oe where g is the spectroscopic splitting factor. In the most general case, the dynamical magnetization is nonuniform and it is necessary to solve Eq. ͑1͒ simultaneously with the Maxwell's equations by means of a finite element analysis. However, we will use a simpler model in which the magnetization of the element is assumed to be uniform and rotates coherently under the influence of the pulsed field. In this case, H eff is conveniently evaluated from
where uÄM/M and the total energy density E tot includes the Zeeman energy of the magnetization in the static field H and the pulsed field h(t), a uniaxial anisotropy with in-plane easy axis in the direction parallel to the unit vector k , and the thin-film demagnetizing energy. For a small amplitude precession of the magnetization, we may derive some simple algebraic results for the precession frequency that we will require later in the analysis of our experimental results. Let us first assume that ͉H͉ is sufficiently large that h(t) may be neglected when calculating the precession frequency. By minimizing the free energy in Eq. ͑3͒, the static orientation of M is given by
where k is the angle between H and the in-plane easy axis, and is the angle between M and H as shown in Fig. 1 . The precession frequency is then given by
Let us now retain h(t) but instead assume that M is quasialigned with HЈϭHϩh(t). In this case, the precession frequency is given by
where H is the angle between H and the optical plane of incidence as shown in Fig. 1 . When the amplitude of precession is not small then Eq. ͑1͒ may be solved numerically if the temporal profile of the pulsed field is known. Since the element is thicker than the optical skin depth, generalized Fresnel reflection coefficients for the interface between a dielectric and ferromagnetic metal may be used to calculate the instantaneous Kerr rotation of the probe beam due to a mixture of the longitudinal and polar Kerr effects as we have discussed previously.
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IV. CHARACTERIZATION OF THE PULSED FIELD
It is essential to determine the temporal profile of the pulsed magnetic field before attempting to interpret the results of the pump-probe experiments. The trace obtained from the oscilloscope, which has been plotted in Figs. 2͑a͒ and 2͑b͒, gives a general impression of the pulse shape that is useful when aligning the pump beam. The trace shows oscillations with a period of the order of 1 ns that are associated with reflections of the pulse from the power supply. However, the trace does not reveal the finer features of the pulse shape due to the finite bandwidth ͑500 MHz͒ of the oscilloscope. Also, the height of the trace is not a reliable measure of the current amplitude because the small value surface mount resistor has considerable inductive impedance at high frequencies 21 that is difficult to characterize. In order to estimate the amplitude of the current, we instead attached the oscilloscope across the interdigitated switch and measured the drop in voltage that occurs when the switch is gated. Taking into account the bandwidth of the oscilloscope, we estimate a peak voltage change of about 30% of the bias voltage. We calculate 22 that our transmission line has a characteristic impedance of approximately 86 ⍀, which implies a peak current of 70 mA in the transmission line. By integration of the Biot-Savart law we calculate a peak pulsed field of about 15 Oe immediately above the tracks of the transmission line.
High field FMR measurements can be used as a high bandwidth probe of the temporal profile of pulsed magnetic fields. 23 When FMR oscillations are induced by a pulsed field applied in the plane of a thin-film sample, the large thin-film demagnetizing field causes the magnetization to be highly elliptical with the long axis of the ellipse lying in the sample plane. However, if the pulsed field is applied perpendicular to the film plane, then the trajectory has a more circular shape. 9, 16 In this case, the measured Kerr rotation is dominated by the polar MOKE signal from the out-of-plane component of the dynamical magnetization. The shape of the envelope of the oscillatory Kerr signal then follows the temporal profile of the pulsed field and is relatively insensitive to the values of the optical constants of the sample. With this in mind, the probe beam was focused on the element between the tracks of the transmission line, where the pulsed field lies perpendicular to the plane of the sample, and relatively large static fields were applied in the plane of the sample and perpendicular to the plane of incidence. The Kerr rotations recorded for three different static field values are shown in Fig. 2͑c͒ . The flat trace at negative time delays suggests that resonant pumping from successive laser pulses can be ignored.
Simulations were performed by solving the LandauLifshitz-Gilbert equation numerically and calculating the expected Kerr rotation. The oscilloscope trace was used as a first guess of the true pump field profile. The simulations are insensitive to the in-plane anisotropy field due to the large value of the static field, but the values of the spontaneous magnetization M, the g factor, and the damping constant ␣ must be adjusted to reproduce the shape of the oscillations. The simulations for the three static field values were compared with the experimental traces and the pump field profile was gradually adjusted until the simulations were in satisfactory agreement with the data. The final profile, shown in Fig.  2͑d͒ , is qualitatively similar to the original oscilloscope trace but the rise time is now much shorter and there is evidence of short time scale reflections that arise from impedance mismatches on the transmission line structure itself. This temporal profile was used in all subsequent calculations. Finally, we note that provisional values of the sample parameters are sufficient for the initial characterization of the pulsed field. These will be discussed again in the next section where the final values are determined more accurately. The final values for M, K u , and g have been used in the simulations of Fig.  2͑c͒ to ensure self-consistency in the fitting, but a somewhat larger value of ␣ϭ0.02 was required, which we will discuss in the final section of this article.
V. SAMPLE CHARACTERIZATION
The in-plane anisotropy of the sample was initially studied by longitudinal MOKE measurements at a wavelength of 633 nm with a focused spot size of about 20 m. Hysteresis loops were acquired by probing through the glass substrate with the magnetic field applied at various angles in the plane of the sample. Measurements were first made with an unfo- cused beam on a continuous film of similar thickness. The results are shown in Fig. 3͑a͒ and reveal a clear uniaxial character and a hard axis saturation field of about 7 Oe. The easy axis direction corresponds to that of the magnetic field applied during the film growth. The loops obtained from the circular element were more distorted, suggesting that the signal obtained with the focused laser spot is an ill-defined average from a few domains within the element. The domain structure may also be different to that in the continuous films due to the modified dipolar energy and the introduction of additional pinning sites at the edge of the element. In Fig.  3͑b͒ , we show loops corresponding to the hard and easy directions as determined from pump-probe measurements that we discuss in the next paragraph. Clearly, the anisotropy field cannot be easily determined from these hysteresis loops.
Pump-probe measurements were next made on the element centered on the lower track of the transmission line where the pulsed field lay in the sample plane, pointing vertically downward as shown in Fig. 1 . A static field of 216 Oe was applied in different directions in the plane of the sample. Measurements were made as the field was rotated through 360°in steps of 10°. The measured Kerr rotation has been plotted in Fig. 4 . The static field is sufficiently large that the magnetization is quasi-aligned with the static field. We see that the amplitude of the Kerr signal is a minimum when the pulsed and static fields are parallel. This is easily understood since the pulsed field exerts no torque upon the magnetization in this case. Fast Fourier transforms were taken of the experimental data. The power spectra showed single peaks whose positions have been plotted in Fig. 5 . Although there is some scatter in these measured frequencies, it is immediately obvious that the frequencies do not have the 180°pe-riod expected for a sample with uniaxial anisotropy. The symmetry is reduced by the presence of the pulsed field which remains fixed as the static field is rotated and which has magnitude of similar order to that of the in-plane anisotropy field. Equations ͑6͒ and ͑7͒ may be used to describe this variation if some further approximations are made to account for the time dependence of the pulsed field. First, we assume that the effective static orientation of M is parallel to H rather than the instantaneous total field HЈϭHϩh(t). Secondly, since the magnitude of the pulsed field is time dependent, we use an average value of 6.8 Oe determined from Fig. 2 . Assuming also a value of gϭ2, Eqs. ͑6͒ and ͑7͒ were fitted to the measured frequency values. The fit yielded values of M ϭ720 emu/cm 3 and 2K u /M ϭ12 Oe. The orientation of the easy axis was found to be 20°from the optical plane of incidence and hence also 20°from the direction of the magnetic field applied during the film growth. These parameters values and a damping constant of ␣ϭ0.012 were then used in all subsequent calculations. Simulated Kerr rotation traces have been plotted in Fig. 4 and are in reasonable qualitative agreement with the experimental data. We do not expect to reproduce the amplitude of oscillation correctly because the optical constants of the film are not sufficiently well known, indeed, we use values reported for pure nickel. 16 The complex optical constants influence the way in which the longitudinal and polar Kerr effects combine to give the total rotation signal. The longitudinal and polar contributions change with field azimuth due to changes in both the trajectory of the magnetization precession and the optical geometry. An incorrect choice of optical constants can lead to some variation in the relative amplitudes of the simulations and experimental data for different azimuths in Fig. 4 . Frequencies obtained from Fourier transforms of the simulations have also been plotted in Fig. 5 and lie close to the curve calculated from Eqs. ͑4͒ and ͑7͒. The good agreement between experiment and simulation in Fig. 5 gives additional credence to the pulsed field values shown in Fig. 2 .
Measurements were next made as a function of the static field strength with the static field applied in the plane of incidence at an angle of H ϭ180°. The results are shown in In each case, the equilibrium orientation of the static magnetization was calculated from Eq. ͑4͒ and used as the starting point for the time dependent calculation. The frequencies of oscillation of the measured curves were again determined from the Fourier power spectra and are plotted in Fig. 6͑b͒ with a curve calculated from Eqs. ͑4͒ and ͑5͒. The parameter values assumed in Fig. 5 were used again in Fig. 6͑b͒ , and their validity is confirmed by the good agreement between the curve and the measured frequencies.
VI. MEASUREMENTS OF LARGE ANGLE REORIENTATION
Having characterized the pulsed field and the magnetic properties of the Ni 81 Fe 19 dot immediately above the lower track of the transmission line, the rotation scan of Fig. 4 was repeated in a smaller static field of 54 Oe. The measured and simulated Kerr rotations have been plotted in Fig. 7 . The general trends are the same in the two sets of curves in Fig.   FIG. 5 . The frequencies of oscillation of the curves in Fig. 4 are plotted as a function of H . The frequencies of the measured and simulated curves are represented by diamond and circular symbols, respectively. The curve was calculated from Eqs. ͑6͒ and ͑7͒.
FIG. 6. ͑a͒
The measured ͑fine line͒ and simulated ͑bold line͒ Kerr rotation is plotted for different values of the static field for the case that H ϭ180°. ͑b͒ The FMR frequencies deduced from the experimental curves in ͑a͒ are plotted against the value of the static field. The curve was calculated from Eqs. ͑4͒ and ͑5͒. 7 but the agreement between experiment and simulation is generally poorer than in Fig. 4 . Fourier transforms were again taken of both the experimental and simulated Kerr rotation curves and the peak frequencies are plotted in Fig. 8 . The frequencies of the simulated curves are seen to vary through a greater range than those of the experimental curves. However, it is debatable whether the Fourier transform of so few periods of oscillation is really a reliable measure of the average precession frequency. No curve appears in Fig. 8 because Eqs. ͑6͒ and ͑7͒ are no longer valid in the low field limit.
If we assume that the simulations do provide an adequate description of the dynamics, then we may consider the trajectory of the magnetization corresponding to each trace in Fig. 7 . As we mentioned previously, the magnetization exhibits a very flat precession (M z ӶM ) due to the influence of the thin-film demagnetizing field and the fact that the pulsed field lies in the plane of the sample. We define the in-plane reorientation angle R as the maximum angular deviation of the projection of the magnetization upon the x -y plane. The dependence of R upon H has been plotted in Fig. 9͑a͒ . The scatter in the graph results from the form of h(t) used in the simulation. The motion is sensitive to the relative phase of the peaks in h(t) and the precession of the magnetization, 14, 20 and this varies in a complicated way as the orientation of the static field is changed. As expected the magnitude of R is a minimum when H is close to 90°and 270°because M and h(t) are almost parallel and so little torque is applied to M. The Kerr rotation and the time dependence of the magnetization have been plotted in Figs. 9͑b͒ and 9͑c͒, respectively, for the H ϭ40°azimuth ͑H and h are 130°apart͒ which lies close to the maximum in the R curve. From Fig. 7 , it can also be seen that the simulated and experimental Kerr rotations agree particularly well for this azimuth. Figure 9͑c͒ suggests that a reorientation angle of close to 30°occurs about 350 ps after the application of the pulsed field.
VII. DISCUSSION
The results presented in the preceding sections demonstrate the utility of the optical pump-probe technique both for the investigation of picosecond magnetic processes and the characterization of basic material properties. High field measurements can probe the pulsed field profile with a bandwidth limited by the FMR frequency that is in turn limited by the magnitude of the static field that may be applied. A bandwidth of about 20 GHz was adequate for the present study since the aim was to characterize the pulse used in measurements at much lower static fields. Since the precession frequency is only about 2 GHz in these latter measurements, the motion of the magnetization is relatively insensitive to Fourier components of the pulsed field with frequency greater than 20 GHz. We expect the pulsed field within the sample to rise more slowly when the pulsed field is applied perpendicular rather than parallel to the sample plane due to eddy current shielding. 15, 16 The rise time of the pulse used in the low field reorientation measurements may be some tens of picoseconds shorter than that determined in Sec. IV. This may affect the phase of the oscillations shown in Figs. 4 and 7 , but, due to the complicated shape of the pulse profile, we have not attempted to account for this effect. We would expect the out-of-plane component of the magnetization M Z to generate eddy currents at the circumference of the circular element. We have already noted that the precession trajectory has a more circular shape and hence a larger M z component when the pulsed field is perpendicular to the sample plane. This may explain why a larger damping constant was required in the characterization of the pulsed field.
The in-plane magnetic anisotropy of the Ni 81 Fe 19 element could not be easily determined from the MOKE hys- teresis loops because the detailed quasi-static micromagnetic reversal process was not known. MOKE microscopy would provide more information but domain images generally require further interpretation before the anisotropy strength can be deduced. Pump-probe measurements of the frequency of precession in a large static applied field are more reliable because the sample is always saturated. We note that hysteresis loops from continuous films grown simultaneously with the dots may be misleading. We suggest that the photolithographic lift-off technique may lead to strain relief in the circular element that affects a change in the magnetic anisotropy. This might explain the observation that the uniaxial anisotropy axis was misaligned from the direction of the magnetic field applied during the sample growth. More detailed structural studies are required to confirm this suggestion. The inclusion of the average pulsed field in Eqs. ͑6͒ and ͑7͒ for the precession frequency is a simple but crude approximation. In reality, the instantaneous precession frequency changes continuously as the magnitude of the pulsed field changes. However, we have demonstrated that this approach provides a useful check on the calculated pulsed field strength in the present case and we expect that the pulsed field strength could be determined more accurately for fields with simpler temporal profiles such as the step fields that we have used previously. 9 We have assumed that the pulsed field is uniform across the area of the circular element and that its value is equal to that calculated at the center of the element. In fact, there is some variation in the magnitude and direction of the pulsed field across the width of the coplanar stiplines as we have discussed previously. 16 Nevertheless, the coherent rotation model appears to work well for large static fields and good qualitative agreement is obtained between experiment and simulation in Fig. 4 . While better agreement could be obtained through further variation of the sample parameters for each azimuth, our aim has been to be obtain the best overall agreement with a single set of parameters. Adjustment of the optical constants might further improve the simulations but we have not attempted to do this due to the computation time required. We also note that any misalignment of the s-polarized beam gives rise to a small p-polarized component, the intensity of which may change due to the transverse Kerr effect, leading to an effective rotation of the total electric field. We would expect this effect to be most obvious around H ϭ0 and 180°in Fig. 4 where there is a large time dependent component of the magnetization transverse to the plane of incidence. Since the agreement between experiment and simulation is no worse for these azimuths than for others in Fig. 4 , we conclude that this misalignment effect is probably not significant in the present study.
We expect the magnetization to reorient by a rotation process, even in the smaller static field used in Fig. 7 , because the sum of the static and pulsed fields HЈ is always larger than the anisotropy field. The static field is essential for our stroboscopic measurement technique since it returns the system to its initial state after each pulse has been applied. However, this case is also of technological interest since a bias field may be built into a thin-film structure by means of interlayer exchange coupling to a high coercivity underlayer or by direct exchange coupling to an antiferromagnet. The disagreement between simulation and experiment for some values of H may indicate that the rotation process is becoming incoherent. The good agreement between experiment and simulation in Fig. 9͑b͒ suggests that the magnetization can be switched through an angle of up to 30°by means of a rotation process. The maximum switching angle occurred when H ϭ50°so that h and H were 140°a
part. An angle of 90°is expected to be best for very short pulsed fields since then the maximum torque is applied to the magnetization before it reorients significantly. In the present case, the pulsed field has longer duration and a somewhat different orientation of the pulsed field is required so that the maximum integrated torque is obtained during the reorientation process. The damping constant ␣ was found to be similar for both the small and large amplitude motion of Figs. 4 and 7, suggesting that the uniform precession is not strongly damped by spin wave generation under the present conditions. In future studies, it would be interesting to explore how well the coherent model applies and whether the value of the damping parameter remains unchanged as the value of the static field is reduced further.
In conclusion, optical pump-probe experiments have shown that reorientation through angles of up to 30°may be achieved in times as short as 350 ps in Ni 81 Fe 19 thin-film elements. The motion is well described by a coherent rotation process. However, to understand this behavior, it is necessary to perform a thorough characterization of the magnetic properties of the element and determine the temporal profile of the pulsed magnetic field. We have shown how this may be achieved with pump-probe measurements made in larger static applied fields on the same sample. Larger pulsed magnetic field are now required to extend these measurements to a wider range of magnetic materials and improved spatial resolution is required so that the coherence of the switching may be explored in greater detail.
